PURPOSE. To study the retinal degeneration caused by decreased proteasomal activity in b5t transgenic (b5t-Tg) mice, an animal model of senescence acceleration.
T he ubiquitin proteasome system (UPS), one of the major proteolytic pathways, contributes to protein quality control in eukaryotic cells. Recent studies have revealed that UPS dysfunction is involved in the pathogenesis of systemic neurodegenerative diseases such as Alzheimer's disease, Parkinson's disease, and Huntington's disease. [1] [2] [3] In ocular diseases, retinitis pigmentosa (RP) is a heterogeneous group of inherited retinal neurodegenerative disorders characterized by progressive degeneration of photoreceptors. 4 To date, over 100 point mutations in the rhodopsin gene have been identified in patients with RP (RetNet https://sph.uth.edu/RetNet/home. htm; provided in the public domain) and it has been revealed that mutations in rhodopsin gene result in the aggregation of unfolded rhodopsin protein and, in turn, cause the UPS dysfunction. 5, 6 In addition, recent studies have shown that mutation of KLHL7 gene, coding the subunit of E3 ubiquitin ligase complex, causes autosomal dominant RP. 7, 8 Therefore, emerging evidence indicates that UPS dysfunction also plays a role in retinal neurodegeneration.
Proteasome is a multiunit enzyme complex responsible for protein degradation by the UPS pathway. Proteolysis by proteasome is conducted via the enzymatic response with three b subunits, b1, b2, and b5, which have caspase-like, trypsin-like, and chymotrypsin-like enzymatic activities, respectively. 9, 10 Decreased proteasomal activity has been reported in neurodegenerative diseases such as Alzheimer's disease 11 and Parkinson's disease, 12, 13 and therefore whether impairment of proteasome function also causes RP has been of great interest. However, since genetic ablation of proteasome subunits including b1, b2, and b5 is embryonic lethal, the changes in ocular tissues caused by proteasome dysfunction have not been studied in vivo so far.
Recently, Tomaru et al. 14 generated transgenic mice with decreased proteasomal activity by introducing b5t as a transgene. b5t is a recently discovered b5-like subunit of the 20S proteasome expressed exclusively in the thymus. 15 Since b5t has only weak chymotrypsin-like activity and is preferentially incorporated into 20S proteasomes over b5, 16 overexpression of b5t in vivo leads to decreased proteasomal activity, which causes senescence acceleration and age-related phenotypes such as lordokyphosis, the loss of subcutaneous fat and degeneration of skeletal muscle fibers. In this study, we investigated the retinal changes induced by proteasome dysfunction in b5t-transgenic (b5t-Tg) mice.
METHODS Animals
b5t-Tg mice, generated as previously described, 14 and agematched littermate control (WT) mice (C57BL/6 background) were used in this study. The animals were maintained on a 12 hours light/dark cycle and housed in plastic cages in a climatecontrolled animal facility. All animal experiments were conducted in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and the Guidelines for the Care and Use of Laboratory Animals at Hokkaido University Graduate School of Medicine (Sapporo, Japan).
Western Blotting
Animals were euthanized with overdose administration of anesthesia and eyes were enucleated. Retinal tissues were isolated microsurgically, placed into 120 lL radioimmunoprecipitation assay (RIPA) buffer (Cell Signaling Technology, Danvers, MA, USA) with protease inhibitor cocktail (Roche, Basel, Switzerland) and sonicated. The lysate was centrifuged (14,000g for 20 minutes at 48C) and the supernatant was collected. Samples were separated by SDS-PAGE and blotted to polyvinylidene fluoride membranes (GE Healthcare, Buckinghamshire, UK). To block the nonspecific binding, membranes were washed with solution which consisted of 5% skim milk powder in Tris buffered saline (TBS) and subsequently incubated at 48C overnight with the following primary antibodies: a rabbit polyclonal antibody against a7 (Abnova, Taipei, Taiwan), a rabbit polyclonal antibody against b5i (Enzo Life Sciences, Farmingdale, NY, USA), a goat polyclonal antibody against b5 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), a rabbit monoclonal antibody against actin (Abcam, Tokyo, Japan), a mouse monoclonal antibody against ubiquitin (Santa Cruz Biotechnology) and a rabbit polyclonal anti-b5t antisera, which were raised against 6xHis-tagged recombinant proteins encompassing residues 234 to 302 of mouse b5t. 15 Thereafter, the membranes were incubated with a horseradish peroxidase-conjugated secondary antibody (1:4000 dilution; Jackson ImmunoResearch Laboratories, West Grove, PA, USA). The images were obtained with chemiluminescence (Western Lightning Ultra; PerkinElmer, Waltham, MA, USA) using a luminescent image analyzer (LAS-4000; Fujifilm, Tokyo, Japan).
Immunofluorescence (IF) Staining
Eyes fixed in 4% paraformaldehyde (PFA) were embedded in paraffin and sectioned. Dewaxed paraffin sections were prepared and microwave-based antigen retrieval was performed in 10 mM citrate buffer (pH 6.0). Sections were blocked and permeabilized with PBS containing 5% normal goat serum and 0.05% Triton X-100 at room temperature for 1 hour. Thereafter, the sections were probed with the following primary antibodies: a rabbit monoclonal antibody against proteasome 20S a6 subunit (1:500 dilution; Abcam); a rabbit polyclonal antibody against b5t (1:250 dilution; Medical & Biological Laboratories, Nagoya, Japan); a rabbit polyclonal antibody against cone arrestin (1:1000 dilution; Merck Millipore, Billerica, MA, USA); a mouse monoclonal antibody against rhodopsin (4D2, 1:1000 dilution; Merck Millipore); a rabbit polyclonal antibody against cleaved caspase-3 (1:100 dilution; Cell Signaling Technology), cleaved caspase-9 (1:50 dilution; Cell Signaling Technology); and apoptosis-inducing factor (AIF; 1:100 dilution; R&D Systems, Minneapolis, MN, USA). The secondary antibody Alexa Fluor 488 or 546 (Life Technologies, Carlsbad, CA, USA) was used for fluorescent detection, and 4 0 ,6-diamino-2-phenylindole (DAPI) for nuclear staining. Sections were visualized under a BZ-9000 fluorescence microscope (Keyence, Osaka, Japan) or a FluoView 1000 confocal microscope (Olympus, Tokyo, Japan).
Proteasomal Activity Measurement
Sensory retinas were extracted and treated with collagenase. The cells were harvested into 96-well plates and analyzed using proteasome activity assay kits (Proteasome-Glo cell-based assay; Promega, Madison, WI, USA), according to the manufacturer's instructions. Briefly, cells were incubated with specific luminogenic proteasome substrates, Suc-LLVY-aminoluciferin for chymotrypsin-like activity, and substrate luminescence was measured by a luminometer. All data were corrected by the number of cells and expressed as a substrate luminescence/the number of cells (3100).
Enzyme-Linked Immunosorbent Assay (ELISA)
Protein levels of poly-ubiquitinated protein in retinal extracts were determined using ELISA kits (CY-7053, Caltag Medsystems, Buckingham, UK) and normalized to total protein (BCA Protein Assay Kit; Thermo Scientific, Rockford, IL, USA), according to the manufacturer's protocols.
Fundus Photography
A fundus camera (CF-60UVi; Canon, Tokyo, Japan) coupled with a 3 charge-coupled device (CCD) color video camera (Power HA-D; SONY, Tokyo, Japan) with 40 diopter (D) lens (Volk, Mentor, OH, USA) was used. Fundus photographs were taken after pupil dilation with one drop of a mixture of 0.5% tropicamide and 0.5% phenylephrine (Santen Pharmaceutical Co., Osaka, Japan).
Polymerase Chain Reaction (PCR)
Deoxyribonucleic acid was isolated from mouse-tail biopsy samples. The negative control DNA was isolated from a normal C57BL/6 mouse. The positive control DNA was purchased from the Jackson Laboratory (STOCK Crb1rd8/J; Bar Harbor, ME, USA). These samples were amplified separately for wild type (Wt) allele and mutant rd8 allele using primers specified by Mehalow et al. 17 Primer sequences included mCrb1 mF1: GTGAAGACAGCTACAGTTCTGATC; mCrb1 mF2: GCCCCTGTTTGCATGGAGGAAACTTGGAAGA CAGCTACAGTTCTTCTG; and mCrb1 mR: GCCCCATTTGCA CACTGATGAC. For PCR amplification approximately 20 ng DNA were used in a 20 lL reaction volume using GoTaq DNA Polymerase (Promega, Madison, WI, USA), 53 Green GoTaq Reaction Buffer (Promega), 200 lM of each dNTP, 1.6 lM each of forward and reverse primer for Wt allele, and 0.8 lM of forward and 1.6 lM of reverse primer for rd8 mutant allele. Reactions initially were denatured at 948C for 5 minutes followed by 35 cycles at 948C for 30 seconds, 658C for 30 seconds, 728C for 30 seconds, and a final extension at 728C for 7 minutes. 18 Amplicons were separated using 3% agarose gel and visualized using an image analyzer (LAS-4000; Fujifilm). Amplicon sizes for Wt allele and rd8 allele are 220 and 244 bp, respectively.
Histologic Analysis
For histologic analysis, eyes were fixed in 4% glutaraldehyde for 60 minutes at room temperature followed by 4% PFA for at least 24 hours at 48C, then embedded in paraffin, and sectioned. The sections were stained with hematoxylin and eosin (HE). A BZ-9000 microscope (Keyence) was used for histologic evaluation of the sections, and color micrographs were obtained using a BZ-II Analyzer (Keyence). The thicknesses of outer nuclear layer (ONL) and inner nuclear layer (INL) were measured on sections parallel to the vertical meridian of the eye at a distance of 400 to 2000 lm from both sides of the optic disc, as previously described. 19, 20 The thickness of photoreceptor outer segment (OS) was also measured at approximately 600 lm from the optic disc and corrected by INL thickness.
For transmission electron microscopy, the eyes were enucleated, and fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer at 48C. The eyes were postfixed for 1.5 hours in 2% aqueous OsO 4 , dehydrated in ethanol and water, and embedded in epoxy resin. Ultrathin sections were cut from blocks and stained with saturated, aqueous uranyl acetate and Sato's lead stain. The specimens were observed with a Hitachi H-7700 electron microscope (Hitachi High-Technologies Corporation, Tokyo, Japan).
Electroretinogram (ERG)
Mice were dark adapted for at least 12 hours and prepared under dim red illumination, anesthetized with pentobarbital (70 mg/kg), and placed on a heating pad throughout the experiment. The pupils were dilated with one drop of a mixture of 0.5% tropicamide and 0.5% of phenylephrine (Santen Pharmaceutical Co.). The ground electrode was a needle placed subcutaneously in the tail, and the reference electrode was placed in the mouth. The active gold electrodes were placed in contact with the cornea. Recordings were performed (PowerLab System 2/25; AD Instruments, New South Wales, Australia). Full-field scotopic ERGs were measured in response to flash at an intensity ranging from À0.54 to 2.89 log cdÁs/m 2 . One to four responses were averaged with interstimulus intervals of 5 to 180 seconds. Responses were differentially amplified and filtered through a digital bandpass filter ranging from 0.3 to 1000 Hz. The stimuli were delivered through a commercial stimulator (Ganzfeld System SG-2002; LKC Technologies, Inc., Gaithersburg, MD, USA). Subsequently, photopic ERGs were recorded in response to 0.89 to 2.89 log cdÁs/m 2 flash and 30 cd/m 2 background light after 10 minutes of light adaptation. Twenty trials were averaged for single-flash responses. The amplitude of the a-wave was measured from the baseline to the trough of the a-wave, and the amplitude of the b-wave was measured from the trough of the a-wave to the peak of the b-wave.
TdT-Mediated dUTP Nick End Labeling (TUNEL)
TdT-dUTP terminal nick-end labeling assay was performed (Fluorescein Direct In Situ Apoptosis Detection Kit; Merck Millipore) to detect cleaved DNA in the paraffin-embedded sections, according to the manufacturer's instruction.
Caspase Activity Measurement
The retinas were isolated and used for the assay of caspase-3 or caspase-9 activity. The enzymatic activities of caspase-3 and caspase-9 were measured using caspase-3 and caspase-9 colorimetric protease assay kits (Medical & Biological Laboratories), respectively. The light emission of chromophore pnitroanilide (pNA) cleaved from labeled DEVD-pNA or LEHDpNA was measured at 415 nm using a 96-well microplate reader (Tecan Japan, Kawasaki, Japan).
Statistical Analysis
All the results are expressed as the mean 6 SEM as indicated. Mann-Whitney U test was used for statistical comparison between groups. Differences between the means were considered statistically significant when the probability values were less than 0.05. (Fig. 1A) . b5i and a7 proteins were detected in both b5t-Tg mice and WT mice (Fig.  1A) . In accord with Western blotting data, IF staining showed that b5t was ubiquitously present in retina of b5t-Tg mice, but not in those of WT mice (Fig. 1B) . By contrast, a6 subunit, proteasome 20S component, 21 was found throughout the retina in both b5t-Tg mice and WT mice (Fig. 1C) . The present data suggested that b5t protein incorporated into 20S proteasomes in b5t-Tg mice, similar to the other organs such as liver, muscle, and brain, as previously described. 14 Furthermore, chymotrypsin-like activity was significantly decreased in sensory retina of b5t-Tg mice compared with that of WT mice (10.87 6 0.86 vs. 16.24 6 1.08 arbitrary unit/ cells (3100), n ¼ 5 each, P < 0.05), whereas both trypsin-like activity (3.60 6 0.10 vs. 4.60 6 0.61, n ¼ 5 each, P ¼ 0.14) and caspase-like activity (4.09 6 0.32 vs. 5.22 6 0.68, n ¼ 5 each, P ¼ 0.21) were not statistically different between b5t-Tg mice and WT mice (Fig. 1D) . In addition, poly-ubiquitinated protein was increased in the retinal extraction of b5t-Tg mice compared with that of WT mice (0.36 6 0.02 units/mg vs. 0.23 6 0.01 units/mg, n ¼ 5-7, P < 0.001, Figs. 1E, 1F ).
RESULTS

Suppression of Proteasomal Activity in Retinal
Tissues of b5t-Tg Mice To verify the overexpression of b5t protein in retinal tissues of b5t-Tg mice, Western blotting and IF were performed. b5t protein was detected in retinal lysates obtained from b5t-Tg mice, but not from WT mice, while b5 protein was not detected in retinal tissues of b5t-Tg mice
Fundus Features in b5t-Tg Mice
To assess the fundus features of b5t-Tg mice, we compared the fundus images of b5t-Tg mice with those of age-matched WT mice at 6 months of age. Comparison of the images highlighted characteristic features in the retina of b5t-Tg mice (e.g., disseminated retinal white deposits, atrophic changes and attenuation of retinal arteries; n ¼ 8-10, Fig. 2 ). Deoxyribonucleic acid analysis revealed the presence of rd8 mutation in homozygous form in both WT and b5t-Tg mice (data not shown).
Photoreceptor Degeneration in b5t-Tg Mice
To investigate the time course of retinal degeneration, retinal thickness was measured in b5t-Tg and WT mice at 1, 3, 6, and 9 months of age (Fig. 3A) . Whereas INL thickness showed no difference between b5t-Tg and WT mice, ONL thickness remarkably decreased in b5t-Tg mice, compared with WT mice (Fig. 3B) . There was significant difference in ONL/INL ratio between WT and b5t-Tg mice at 3 months of age (1.58 6 0.03 vs. 1.32 6 0.06, n ¼ 3-6, P < 0.05), 6 months of age (1.66 6 0.03 vs. 0.86 6 0.02, n ¼ 5-7, P < 0.01) and at 9 months of age (1.49 6 0.02 vs. 0.63 6 0.04, n ¼ 4-8, P < 0.01), but not at 1 month of age (1.56 6 0.04 vs. 1.57 6 0.004, n ¼ 3-4, P ¼ 0.60, Fig. 3C) . Similarly, the thickness of OS was shortened in b5t-Tg mice compared with WT mice at 3, 6, and 9 months (n ¼ 3-7, Fig. 3D ). However, the ultrastructure of disc membrane in OS was relatively maintained in b5t-Tg mice compared with those in WT mice (Fig. 3E) .
Predominant Impairment of Rod Function in b5t-Tg Mice
To elucidate whether the proteasome dysfunction causes photoreceptor degeneration in rod photoreceptor and/or cone Fundus features of b5t-Tg mice. Fundus images of b5t-Tg mice at 6 months of age showed disseminated retinal white deposits (left), peripheral retinal degeneration (middle, arrowhead), and attenuation of retinal arteries (left and middle, arrows), none of which were found in age-matched WT mice (right). Since DNA analysis revealed the presence of rd8 mutation in homozygous form in both WT and b5t-Tg mice, it is possible that the deposits are originated from interference between b5t incorporation and the rd8 mutation.
photoreceptor, ERG was recorded under full-field scotopic and photopic illumination conditions. At 6 months of age, scotopic a-wave and b-wave were detectable (Fig. 4A) ; however, the amplitude of scotopic a-wave was, except at À0.54 log cdÁs/m 2 , significantly decreased in b5t-Tg mice compared with WT in an intensity-dependent manner (À0.54 log cdÁs/m 2 , P < 0.05, 1.89 log cdÁs/m 2 , P < 0.01, and 2.89 log cdÁs/m 2 , P < 0.001, n ¼ 7-8, Fig. 4B ). By contrast, whereas photopic ERG responses showed tendency toward the amplitude of a-wave was reduced in b5t-Tg mice compared with WT mice (Fig. 4C) ; however, it was not statistically significant (P ¼ 0.60, 0.77, and 0.52, respectively, n ¼ 7-8, Fig. 4D ). The functional analysis indicates that photoreceptor degeneration is predominantly caused in rod photoreceptors. In support with the ERG data, IF staining for cone arrestin showed no differences between WT and b5t-Tg mice, whereas ONL was thinner in b5t-Tg mice (Figs. 4E,  4F ).
Photoreceptor Cell Death in b5t-Tg Mice
To further explore the mechanism of photoreceptor cell death in b5t-Tg mice, TUNEL assay and IF study were performed. Immunofluorescence study showed the presence of rhodopsin exclusively in OS, but not in inner segment, indicating that no ectopic accumulation of rhodopsin was induced by proteasome dysfunction (Fig. 5A) . The number of TUNEL-positive cells in ONL significantly increased in b5t-Tg mice in comparison with WT mice (n ¼ 5 each, P < 0.05, Figs. 5B, (E) Ultrastructure of OS at 6 months of age. Scale bar: 2 lm. Values are mean 6 SEM. *P < 0.05; **P < 0.01. 5C). Activities of cleaved caspase-3 and -9 were not increased in b5t-Tg mice compared with WT mice (Fig. 5D ). In addition, IF study showed no staining of cleaved caspase-3 and -9 in TUNEL-positive cells (data not shown). By contrast, TUNELpositive photoreceptor nuclei in b5t-Tg mice were stained with antibody against AIF (Fig. 5E) . The data indicate that the photoreceptor cell death in b5t-Tg mice is induced via a caspase-independent pathway.
DISCUSSION
The present study demonstrated that (1) decreased function of proteasome causes retinal degeneration in vivo, largely attributed to photoreceptor cell death, (2) photoreceptor cell degeneration occurs even in the absence of gene mutation of photoreceptor-related proteins, and (3) proteasomal dysfunction induces apoptosis of photoreceptor cells via a caspase- independent pathway. In addition, the current data suggest that photoreceptor cells are vulnerable to the functional disturbance of proteasome in the retina.
Functional impairment of proteasome is known to trigger systemic neurodegenerative diseases. For instance, proteasomal function was shown to be impaired in substantia nigra of patients of Parkinson's disease. 13 In addition, proteasomal activity was significantly decreased in the hippocampus and parahippocampal gyrus of patients with Alzheimer's disease. 11 Therefore, we hypothesized that proteasomal dysfunction was also relevant to retinal neurodegeneration. In b5t-Tg mice used in this study, an animal model of senescence acceleration, b5t 
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protein was incorporated into 20S proteasomes over b5 protein, chymotrypsin-like activity was decreased and subsequently poly-ubiquitinated protein was increased in the retina of b5t-Tg mice. The data demonstrated that incorporation of b5t protein induced partial suppression of proteasomal activity in the retinal tissues of b5t-Tg mice. Histologic analysis revealed that degenerative changes exclusively occurred in ONL and OS of photoreceptor cells, while inner retinal tissue was not changed. The present data may indicate that photoreceptors are vulnerable to proteasomal dysfunction. In addition, the number of cone photoreceptor was not reduced in b5t-Tg mice with age, suggesting that photoreceptor cells affected by proteasomal dysfunction were rod. In line with the histologic findings, scotopic ERGs showed that amplitude of a-wave was significantly reduced in b5t-Tg mice. By contrast, the amplitudes of photopic a-wave were reduced in b5t-Tg mice compared with WT mice, while statistical significance was not achieved in the same number of experiments that were performed with rods. Further evaluation is required to elucidate the impact of proteasomal dysfunction in cone photoreceptors.
Recently, lines of evidence have demonstrated that rhodopsin gene mutation causes ectopic accumulation of rhodopsin protein and rhodopsin aggregation have been thought to be crucial for photoreceptor cell death. 5 Rhodopsin mutations have been classified into two groups, class I and II. In class I category, mutations at the C-terminus of rhodopsin affect the post-Golgi trafficking and impair its normal targeting to photoreceptor OS. 22, 23 Subsequent ectopic rhodopsin accumulation has been shown to cause cell death in vitro setting and in vivo setting. [22] [23] [24] In class II, mutations in the transmembrane, intradiscal or cytoplasmic domains of rhodopsin lead to protein misfolding, followed by the ectopic accumulation of rhodopsin protein in ONL and inner segment [25] [26] [27] and by the retention of rhodopsin protein in the endoplasmic reticulum. 28, 29 By contrast, the present data demonstrated that decrease of proteolytic activity induced photoreceptor cell degeneration without mutation of photoreceptor-associated protein including rhodopsin. Furthermore, ectopic accumulation of rhodopsin was not detected and structure of OS was unexpectedly maintained, that is, ultrastructural alterations reported in human RP, for example, disoriented disc formation 30 and electron-dense inclusions 31 were not observed in animals with proteasomal dysfunction. These data indicate the possible and novel mechanism(s) to induce photoreceptor cell degeneration without mutant protein accumulation.
Apoptosis of photoreceptor cells is caused through both a caspase-dependent and a caspase-independent pathway. [32] [33] [34] The current study showed the AIF protein was present in TUNEL-positive photoreceptor nuclei in b5t-Tg mice. Translocation of AIF from the mitochondrial intermembrane space to the nucleus participates in apoptosis characterized by caspaseindependent peripheral chromatin condensation and largescale DNA fragmentation. 35 Therefore, it is likely that a caspaseindependent pathway, but not a caspase-dependent pathway, is implicated in photoreceptor cell death in b5t-Tg mice. In line with the current study, it was previously shown that proteasome inhibition led to neuronal cell death through caspase-independent pathways. 36 Alternatively, Lobanova et al. 37 recently described that insufficient capacity of proteasomes to process abnormally large amounts of misfolded protein causes photoreceptor cell death. The previous and current data may indicate that imbalance between proteasomal activity and amount of its substrate protein causes retinal degeneration. The mechanism by which functional impairment of proteasome causes photoreceptor degeneration is of interest and needs to be elucidated by further studies.
The limitation of this study is that the strain C57BL/6 used in this study carries a homozygous rd8 mutation. The rd8 mutation is a single nucleotide deletion in the Crb1 gene, which results in exhibiting retinal white deposits covering the inferior nasal quadrant of the retina and a slow progressive retinal degeneration. 38 Whereas retinal white deposits were seen even in superior quadrant of the retina in b5t-Tg mice, it is undeniable that the white deposits are caused by the presence of rd8 mutation. By contrast, morphologic and functional photoreceptor degeneration was exclusively found in b5t-Tg mice, but not in its littermate mice.
In summary, the current data showed that decreased proteasomal activity induces apoptosis of photoreceptor cells in vivo. Retinitis pigmentosa is one of the representative neurodegenerative disorder in the eye and the causative gene of RP has been defined only in 50% and 30% of autosomal dominant and recessive RP, respectively. 4 The current data raise an interesting question regarding the impact of proteasome dysfunction in the pathogenesis of RP.
